Fast states at SiO 2 /SiC interfaces annealed in NO at 1150-1350 C have been investigated. The response frequency of the interface states was measured by the conductance method with a maximum frequency of 100 MHz. The interface state density was evaluated based on the difference between quasi-static and theoretical capacitances (CÀw S method). Very fast states, which are not observed in as-oxidized samples, were generated by NO annealing, while states existing at an as-oxidized interface decreased by approximately 90%. The response frequency of the very fast states was higher than 1 MHz and increased when the energy level approaches the conduction band edge. For example, the response frequency (time) was 100 MHz (5 ns) at E C ÀE T ¼ 0.4 eV and room temperature. The SiO 2 /SiC interface annealed in NO at 1250 C showed the lowest interface state density, and NO annealing at a temperature higher than 1250 C is not effective because of the increase in the very fast states. V C 2012 American Institute of Physics.
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I. INTRODUCTION
Silicon carbide (SiC) has been recognized as a promising material for high-power devices, owing to its high breakdown electric field. Through recent progress in the material quality and device technology, power metal-oxide-semiconductor field effect transistors (MOSFETs) using SiC have been commercialized. However, SiC MOSFETs still suffer from low channel mobility. An nitridation process improves SiO 2 /SiC interface properties, being effective for increasing channel mobility. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although other processes such as POCl 3 annealing, 13 wet oxidation, 14 or Na þ incorporation 15 also improve the mobility, nitridation is the most common process, taking reliability and stability into consideration. The channel mobility at nitrided interfaces is, however, still much lower than a value expected from bulk mobility. For example, the n-channel mobility on 4H-SiC (0001) with nitridation is not higher than 50 cm 2 V À1 s À1 , [3] [4] [5] [6] [7] while the bulk mobility of 4H-SiC is higher than 800 cm 2 V À1 s
À1
. 16 Therefore, it is important to reveal mobility-limiting factors at the nitrided SiO 2 /SiC interface and to further improve mobility by a nitridation-based process. The interface properties have mainly been characterized in terms of interface state density (D IT ), which is conventionally evaluated by the high-low or conductance methods, because the increase in channel mobility is accompanied by decrease in interface state density. [6] [7] [8] [9] 13 The interface state density is reduced with increasing N concentration at the interface, and the effect almost saturates at a concentration of about 5 Â 10 14 cm
À2
. 10, 11, 17 By post-oxidation annealing in NO, which is a common nitridation method, the N concentration at the interface increases by extending the annealing time or by elevating temperature, while NO annealing at higher than 1200 C has not been investigated in detail. In addition to the interface state density evaluated by the conventional methods, there might exist other factors to degrade the mobility. The existence of near interface oxide traps has been suggested by other evaluation methods. [18] [19] [20] The existence of fast interface states in the vicinity of the conduction band edge is also suggested by Hall-effect measurements and so on. 9, [21] [22] [23] [24] We proposed a method to evaluate fast interface states that can be neither detected by the conventional high-low nor conductance methods. 25 By the conventional methods, fast interface states that respond to the maximum probe frequency of 0.1$1 MHz are undetectable. The proposed CÀw S method can evaluate the interface state density including very fast states from the quasi-static capacitance and accurate theoretical capacitance without a frequency limit. Furthermore, for the purpose of detecting fast states, we increased the maximum probe frequency to 100 MHz in the high-low and conductance methods. 25 The previous report 25 focused on the proposal of the new evaluation methods, where a dry-oxide MOS capacitor without nitridation was employed as an example. In this study, we investigate fast states at SiO 2 /SiC interfaces annealed in NO at various temperatures using these new methods and reveal that very fast states are generated by NO annealing.
II. EXPERIMENTS AND EVALUATION METHODS
To fabricate MOS capacitors, a 39$47-nm-thick oxides were formed by dry oxidation at 1300 C on n-type 4H-SiC (0001) epilayers. The SiC epilayer was 7 lm thick, doped with N to 7$9 Â 10 15 cm
À3
. The thickness and resistivity of the n-type SiC substrate were 250 lm and 0.02 Xcm, respectively. After oxidation, nitridation was carried out in NO (10% diluted in N 2 ) at 1150$1350 C (sample label: NO1150$NO1350) for 70 min. A reference sample without NO annealing was also prepared (sample label: w/oNO). Process conditions and SiO 2 thickness of the samples are summarized in Table I from the accumulation capacitance in C-V measurements, where a relative dielectric constant of 3.9 was employed. Circular Ni electrodes (gate) with a diameter of 0.6$0.7 mm were deposited on the sample surface.
According to Ref. 25 , the quasi-static capacitance and impedance were measured, and interface properties were evaluated. Details of measurement conditions and analytical procedures are described in Ref. 25 . The quasi-static capacitance (C QS ) was measured by Quasistatic CV Meter (595, Keithley), and the impedance was measured by Precision Impedance Analyzer (4294 A, Agilent Technologies) with a probe kit (42941 A, Agilent Technologies). The relationship between the gate voltage and surface potential (w S ) is determined by 25, 26 
where the integration constant (A) is determined based on the depletion capacitance. 25 The surface potential is used to calculate the theoretical semiconductor capacitance (C D,theory ) and Fermi level at the interface (E C À E F ). The sum (C D þ C IT ) of semiconductor capacitance (C D ) and interface-state capacitance (C IT ) is extracted from the measured impedance and quasi-static capacitance. In the CÀw S method, the interface state density is given by
where (C D þ C IT ) QS is the C D þC IT extracted from the quasistatic capacitance, S is the area of the gate electrode, e SiC (9.7e 0 ) is the dielectric constant of SiC, and N D is the donor concentration of the SiC epilayer. For the high-low method, the interface state density is given by 25, 26 
where (C D þ C IT ) HF is the C D þ C IT extracted from impedance measured at 1 MHz (high 1 M Àlow) or 100 MHz (high 100 M Àlow).
As a rough approximation, the interface states responding to lower than 1 MHz are detected by the high 1M Àlow method, the states responding to lower than 100 MHz are detected by the high 100 M Àlow method, and all the states are detected by the CÀw S method. Thus, the density of interface states responding to a certain frequency range can be roughly estimated by
where D IT,<1 M , D IT,1 M$100 M , and D IT,100 M< are the densities of interface states responding to a frequency (f) range of f < 1 MHz, 1 MHz < f < 100 MHz, and 100 MHz < f, respectively, and D IT,all is the total interface state density. The interface-state conductance (G PIT ) is extracted from the measured impedance. In the conductance method, the interface state density is directly linked to G PIT by 25, 26 
where x is the angular frequency. The interface state density (D IT ), the time constant of the interface states (s), and the standard deviation (r) are determined by fitting experimental results with this equation. The capture cross section (r C ) is given by
where v th (1.8 Â 10 7 cm/s) is the thermal velocity of electrons, and N C (1.8 Â 10 19 cm
) is the effective density of states in the conduction band.
The profile of N atoms near the interface was measured by secondary ion mass spectrometry (SIMS), where primary ions of Cs þ with 5 keV and secondary ions of CsN þ were employed. The N concentration was determined based on signals from standard SiO 2 /SiC samples implanted with N atoms. Figure 1 shows interface-state conductances (G PIT ) at different gate voltages for samples w/oNO and NO1350, where some of calculated energy levels (E C ÀE F ) at the interface are indicated instead of gate voltage. Two distinct peaks (OX 0 and NI) were observed for sample NO1350, while a broad single peak (OX) was observed for the sample without NO annealing. The intensity and the frequency of peaks OX, OX 0 , and NI increased when the energy level approaches the conduction band edge. Peak NI takes a maximum at a frequency higher than 1 MHz, and the peak moves out of the measurable frequency range for E C ÀE F < 0.4 eV. Figure 2 shows the G PIT for the samples annealed in NO at different temperatures. Peak OX significantly decreased by NO annealing, and peak OX 0 would be a remnant of peak OX. The intensity of peak NI increased with increasing the NO-annealing temperature, while peak NI was not observed for the sample without NO annealing, indicating that peak NI is generated by NO annealing. Although the interfacestate conductance in nitrided SiC MOS capacitors has been previously measured, 28 only peak OX or OX 0 was detected. Since the maximum probe frequency was 1 MHz in the previous report, peak NI must appear out of the measured frequency range even if the interface states related to peak NI exist. Furthermore, the NO-annealing temperature was limited to 1100 C in the previous report. Therefore, peak NI must be small, as seen in Fig. 2 . In other words, peak NI can be detected by measurement at a sufficiently high frequency in MOS structures annealed in NO at high temperature. Since the response of peak NI is very fast, the conventional highlow and conductance methods with the maximum frequency of 0.1$1 MHz cannot detect peak NI. Even though the maximum frequency is 100 MHz, only a part of peak NI can be detected even at relatively deep energy levels (Figs. 2(b) and 2(c)), which makes it difficult to evaluate the interface state density correctly by the high-low and conductance methods. On the other hand, the CÀw S method can accurately evaluate interface state density including fast states. 25 Figure 3 shows the interface state densities for samples (a) w/oNO and (b) NO1350 evaluated by the CÀw S method (label: CÀw S ), the high-low methods using high frequencies of 1 MHz and 100 MHz (high 1 M Àlow and high 100 M Àlow) and the conductance method (conductance). As for the interface state density determined by the conductance method of sample NO1350, G PIT /x mainly consisted of peak OX 0 for E C ÀE T < 0.3 eV, and the interface state density of peak OX 0 is plotted in Fig. 3(b) with circular symbols. On the other hand, G PIT /x mainly consisted of peak NI for E C ÀE T > 0.4 eV, and the interface state density of peak NI is shown with triangular symbols. For samples annealed in NO, there exists a substantial difference in interface state densities obtained by different methods. For example, the interface state density evaluated by the high 100 M Àlow method is similar to that by the conductance method, but it is higher than that by the high 1 M Àlow method and is considerably lower than that by the CÀw S method, especially near the conduction band edge. These discrepancies can be explained by the different maximum frequency of detection by the methods. C, compared with the nonnitrided sample (Fig. 4(a) ). NO annealing at higher temperature was more effective to reduce the relatively slow interface states. Because D IT,<1 M mainly originates from peak OX or OX 0 , interface states OX can be effectively decreased by NO annealing. The D IT,<1M is equivalent to D IT (high 1M Àlow) (Eq. (5)) and reduction of the interface state density by nitridation is a well-known result as far as the high-low method is employed. [6] [7] [8] [9] [10] [11] [12] [13] The D IT,1 M$100 M for E C ÀE T > 0.3 eV increased by NO annealing, while D IT,1 M$100 M for E C ÀE T < 0.3 eV decreased (Fig. 4(b) ). For E C ÀE T > 0.3 eV and 1 MHz < f < 100 MHz, a large part of the interface-state conductance consists of peak NI (Fig. 2(c) ), and the increase in interface states NI by NO annealing is responsible for the increase in D IT,1 M$100 M . On the other hand, for E C ÀE T < 0.3 eV and 1 MHz < f < 100 MHz, a large part of the conductance consists of peaks OX or OX 0 (Fig. 2(a) ). Thus, the decrease in interface states OX or OX 0 by NO annealing is responsible for the decrease in D IT,1 M$100 M . The D IT,100 M< increased with elevating NO-annealing temperature (Fig.  4(c) ). Although peak NI of the interface-state conductance cannot be measured for more than 100 MHz (Figs. 1 and 2) , the increase in D IT,100 M< indicates that very fast states NI responding to more than 100 MHz increase by NO annealing. The total interface state density (D IT,all ) was reduced by NO annealing (Fig. 4(d) ). It should be noted that sample NO1250 exhibited the lowest D IT,all . NO annealing at a temperature higher than 1250 C is not effective because of the increase in very fast states NI.
III. RESULTS AND DISCUSSION
Figures 5(a) and 5(b) represents the time constants (s) and capture cross sections (r C ), respectively, of the interface states (OX, OX 0 , and NI), which were determined by using Eqs. (9) and (10) , which is comparable to earlier reports, 28, 29 and may be acceptor type. A possible origin of interface states NI might be N-related donor-like states as in bulk SiC. [30] [31] [32] [33] Umeda et al. investigated SiC MOS structures by electrically detected magnetic resonance (EDMR) spectroscopy and detected a peculiar EDMR signal, which was only observed in the nitrided SiO 2 /SiC structure. 34 They suggested that the observed signal was similar to that of N donors in bulk SiC. A high concentration of N atoms at the interface would slightly diffuse into the bulk SiC, although the diffusion coefficient of N atoms in SiC is very small. 35 The N-related states may energetically spread below the conduction-band edge, because of the high concentration and possible disorder of the crystal near the interface. Figure 6 (a) shows the depth profile of N atom concentration measured by SIMS for the samples annealed in NO at different temperatures, where the peak (interface) position is set as the origin of the horizontal axis. As in earlier reports, 6, 11, 12, 17, 36 the depth profile of N atoms for the samples annealed in NO exhibited a distinct peak at the interface. The N concentration increased when NO-annealing temperature was elevated. The N peak of sample NO1350 was almost the same as that of sample NO1250, while the width was slightly broader. In other words, the interface is almost saturated with N atoms by NO annealing at about 1250 C, and a further raise in NO-annealing temperature only results in additional N diffusion into SiC and SiO 2 . Figure 6(b) shows the dependence of D IT,<1 M , D IT,100 M< , and D IT,all at E C ÀE T ¼ 0.3 eV on the area concentration of N atoms calculated from the SIMS profiles. The density of slow states (D IT,<1M ), which is mainly composed of interface states OX or OX 0 , decreased with increasing the N area concentration. On the other hand, the density of very fast states (D IT,100 M< ), which is mainly composed of states NI, increased almost in proportion to the N area concentration. This is another evidence that the very fast states are linked to interface nitridation. As a result, the total interface state density (D IT,all ) showed a minimum at an N area concentration of 3.0 Â 10 14 cm À2 (NO1250). As discussed above, the high-low method severely underestimates the interface state density when fast interface states respond to the probe frequency in the high-frequency measurements. Since the response frequency of interface states decreases with lowering temperature, interface states cannot respond to the high probe frequency at a sufficiently low temperature. In this case, the high-frequency capacitance should agree with the ideal capacitance without a contribution of interface state capacitance, and the high-low method should give the same interface state density as the CÀw S method. Thus, at sufficiently low temperature, the density of very fast states NI can be evaluated even by the conventional high 1M Àlow method as well as the CÀw S method. Figure 7 shows the interface state densities for sample NO1350 evaluated by the CÀw S and high 1M -low methods at different measurement temperatures. At 100 K, the interface state density obtained by the high 1M -low method agreed very well with that by the CÀw S method, as expected. This result proves that the response frequencies of all the interface states including states NI decrease to less than 1 MHz at 100 K and the measured high-frequency capacitance agrees with the theoretical capacitance. When we look at the temperature dependence in detail, with lowering the measurement temperature from 300 to 100 K, the interface state density obtained by the high 1M -low method gradually approaches that by the CÀw S method from the deep energy levels toward the shallow levels. In general, the time constants of the interface states are longer at deeper energy levels ( Fig. 5(a) ). When the measurement temperature is lowered from 300 K, the fast interface states become unresponsive to 1 MHz from deep energy levels and become detectable by the high 1M -low method.
The interface state density determined by the CÀw S method did not change with the measurement temperature very much from 300 to 150 K but remarkably decreased when the temperature was decreased to 100 K. At such a low temperature of 100 K, most slow states will be frozen and behave like interface fixed charges. These slow states do not contribute to the quasi-static capacitance at 100 K or lower. Thus, the high 1M -low method as well as the CÀw S method underestimates the slow states at 100 K, because the two methods employ the same quasi-static capacitance to determine interface state density. In other words, the high 1M -low method cannot correctly determine interface state density at any measurement temperatures due to the underestimation of fast states near room temperature and the underestimation of slow states at low temperature. On the other hand, the CÀw S method can correctly evaluate interface state density including fast states near room temperature.
IV. CONCLUSION
We have investigated the SiO 2 /SiC interfaces annealed in NO at various temperature by the CÀw S and conductance methods and revealed that very fast states (NI) are generated by NO annealing. The response frequency of states NI was 100 MHz or higher at room temperature. The conventional high-low and conductance methods with the maximum probe frequency of 0.1$1 MHz cannot detect fast states NI. Although the interface states (OX) existing at an as-oxidized interface decreased by approximately 90% by NO annealing, a large part of the reduction was canceled by the generation of fast states NI. This may be a reason why the channel mobility has been limited to about 50 cm 2 V À1 s
À1
, in spite of the remarkable reduction in the interface state density evaluated by the conventional high-low method. The density of fast states NI increased with elevation the NO-annealing temperature and is proportional to the area concentration of N atoms near the interface. Interface states NI would be of donor-like nature, taking account of the very fast response and large capture cross section ($10 À11 cm 2 ).
